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INTRODUCTION 
Chlorophyll deficient mutants have been useful in studying the 
action of genes determining the submicroscopic structure of the 
chloroplast and in analyzing the genetic control of the formation 
of macromolecular cell structures. 
Normal chlorophyll development is probably controlled by a 
large number of genetic factors, most of which are inherited as 
recessives when mutated. Each of the chlorophyll deficiency pheno­
typic groups seems to be determined by many genes. For example, in 
maize, 13 genes are known each of which independently produces 
albinos (Demerec, 1935), 20 are known to produce virescent types 
(Phipps, 1929), JO produce various pale greens (maize circular letters), 
4 produce zebra stripes (Demerec, 1924), and 4 produce piebald 
seedlings (Demerec, 1926a). A similar situation was found in 
sorghum (see Demerec, 1924). In barley the phenotypic groups albino, 
viridis, xantha, virescent, vital viridis ·(chlorina), striated and 
zoned, and mottled are represented by 17, 14, 13, 5, 12, and 2 
independent loci respectively (derived from Nilan, 1964 and Holm, 
1966b). 
Some chlorophyll mutation loci in barley comprise multiple 
alleles. The spontaneous mutants xantha-2 and xantha-3 were allelic 
(Nilsson-Ehle, unpubl; Gustafsson, 1940). 
Robertson (1963) tested 16 different albino and pale green 
mutants for allelism.. They belong to nine different loci, and 
multiple allelism was found in four of them. 
Wettstein (1963) found xantha-12, -14, -15, -18, ·-22, -54, and 
-61 to be allelic. Out of 66 induced chlorophyll mutations, the six 
1-6 
( ) chlorina mutations flO are allelic Holm, 1966b • 
The chlorophyll mutations in barley utilized in this thesis were 
selected from the material of Prof. Ake Gustafsson, Sweden. He used 
the so-called I-V and VI series technique to irradiate the resting 
caryopses of Gullkorn (Golden barley), About 600 chlorophyll 
mutations were produced, T�ey could b�- divided into nine different 
types (Gustafsson, 1940), according to their appearance at certain 
stages of development of the plants: albino, xantha, alboviridis 
(alboxantha, xanthalba, viridoalbina, alboviridis), tigrina, viridis, 
striata, maculata, undefined mutations, and plasmatic mutations. 
Five of these types are very common in barley and form distinct 
phenotypic groups (albino, xantha, alboviridis, viridis and tigrina). 
From this material about 150 various types were studied with respect 
to linkage at the Institute of Genetics, University of Lund, Sweden, 
(Holm, 1966b). 
Linkage studies on the usually sublethal chlorophyll mutations 
are in most cases based on progeny tests of F2 families. 
The efficiency of various formulae for calculating linkage 
values. was analyzed by Fisher (i958). The two methods of greatest 
utility are the product method and the method of maximum likelihood. 
The latter method is utili�ed for solving the linkage equations in 
the present investigation. Different single and combined maximum 
likelihood equations hav� been programed for solving in an automatic 
2 
computer by Holm (1966a). The autocoding and translating algorithmic 
language ALGOL 60 is used in his programing system. 
The purpose of this experiment is to study the linkage relation­
ships in a material of chlorophyll mutations in barley. 
Holm (1966b) was able to show that 41 loci for chlorophyll 
characters in barley are non-randomly distributed over the seven 
chromosomes. In order to stabilize the position of some of the loci 
in chromosomes no, 1 and 2 (which contain most of the 41 loci 
localized), a representative material was selected. This material 
contains crosses between on one hand certain chlorophyll loci in the 
first two chromosomes, and on the other hand chlorophyll loci in the 
other chromosomes, marker genes and reciprocal translocations. 
For the progeny tests at South Dakota State University, 2336 
F2 plants, obtained from Sweden, were selected. The results obtained 
include some of the crosses made by Holm (1966b) and ver_ify 
corresponding cross-over values and localization. A number of new 
combinations were analyzed which confirm certain localizations in 
chromosomes 1 and 2. 
3 
LITERATURE REVIEW 
1. The exploration of the basis of chlorophyll mutations. 
In maize, Zirkle (1929 ) concluded that the deficiencies in the 
chloroplast pigments are connected to the plastid primordia and due 
to: (1) delayed development, (2) stoppage of development, and (3) 
stoppage of development followed by degeneration. 
Normal plant chloroplasts contain two green pigments, 
chlorophyll a and chlorophyll b, and a number of yellow pigments. 
The latter are referred to as the carotenoids, the most common 
being carotene and xanthophyll. 
Eyster (1934) believed that the forlliation of the chloroplast 
pigments is dependent upon the development of the plastids. A 
large number of genes have already been found to influence the 
normal development of �he chloroplast pigments. According to Eyster 
(1934), there are 75 genes which either completely or partly inhibit 
one or more of the chloroplast pigments and about 35 genes which 
limit the development of the pigments to certain parts of the leaf. 
Their parts form a pattern which is expressed as longitudinal 
streaks or stripes, or less frequently as transverse and usually 
less distinct markings. 
In barley, von Wettstein (1956) observed that the normal 
plastids have an organized system of stroma and grana. Mutants of 
the yellow-green Xantha-3, develop somewhat further, but in place of 
the ordered pattern of internal structure found in normal plants, 
there is a heavy concentration of osmiophilic granules. The granules 
4 
appear also in normal plants but never in such large numbers as in 
Xantha-3, and it has been suggested that they represent some by­
product of a chemical reaction in the plastid that can proceed no 
further. If this is true, the granules provide a morphological 
counterpart of a biochemical block in a chain of reactions. 
Stubbe and von Wettstein (1955) investigated Oenothera and 
found a yellow-green mutant of the suaveolens-type that develops 
apparently normal plastids iri young leaves. As the leaves mature 
these plastids disintegrate and do not function properly. 
The results obtained by Euler et al. (1936) showed that albino 
mutations generally lack well-developed and regular chloroplasts. 
Xantha mutations, which still produce carotenoids and in some cases 
a slight amount of chlorophyll have almost normal chloroplasts. This 
was even more true of the viridis types. 
The great number of non-identical albino alleles argues in 
favor of the view that the chlorophyll synthesis is broken down at 
many points, creating a certain threshold condition below which the 
·carotenoids and chlorophylls with their conjugated double bonds can 
not be formed. 
Chlorophyll deficiency is not only due to mutations that affect 
the synthesis of chlorophyll, but also to mutations that affect the 
synthesis of other substances in the chloroplast. 
Walles (1963) has used screening techniques to examine this 
phenomenon and concluded that in most of the chloroplast or 
''chlorophyll" mutants the chlorophyll synthesis as such is not 
5 
blocked. The mutant condition might be caused by the inability of 
the mutants to synthesize some other constituents e. g. amino acids, 
vitam�ns, pigments, lipids and proteins. 
The investigation by von Wettstein (1956) on barley mutations 
shows that the development of the chloroplast structures ceases at 
6 
a certain stage of the differentiation in the mutants analyzed. These 
blocks can be associated with the failure of pigment synthesis or 
with the failure of the inco�poration of_ pigments into the plastid 
structures. He therefore, concludes that a mutational block can be 
found in every single biochemical step that leads to the formation 
of a mature chloroplast and its function. 
Holm (1966c). supposed that there are two types of mutational 
effect leading to chlorophyll deficiency. They are: mutations 
affecting the photosynthetic apparatus (the synthesis of chlorophyll, 
carotenoids, conjugated proteins, lipids, ferredoxin, cytochromes f 
and b6 etc.) and mutations affecting substances other than chlorophyll 
(such as amino acids, vitamins, structural proteins, proteolytic 
enzymes etc. ). 
A very rough and speculative estimation of the number of loci 
concerned primarily with photosynthesis yields the figure 16J (the 
estimation includes 20 loci for synthesis of chlorophyll, 20 for 
carotenoids, J for the conjugated protein in chloroplastine, 15 for 
-each of the cytochromes f and b6, 10 for ferredoxin, and 20 for 
plastoquinone). The number of loci governing the synthesis of com­
pounds other than chlorophyll must be very large, only the amino acids 
would probably contribute 150 to 200 loci. 
Chloroplast mutants can be normalized by adding certain water­
soluble compounds. Many positive results have been reported, Bell 
et al. (1958) (ferrous iron); Langridge (1955,1958); Reder (1960, 
1962); and Langridge and Brock (1961) (thiamin); Bohme and Scholz 
(1960); and Bohme and Scholz (1961) (extracts from wild-type plants); 
and Walles (1963) (amino acids). 
2. The genetical basis for determining the location of genes on 
chromosomes. 
The chromosome theory of heredity is described as: (1) The 
genes are arranged in a stable, orderly, linear manner in the 
chromosome. (2) The genes in separate chromosome pairs are in­
herited independently. (3) All genes located in the same chromo­
some pair belong to the same linkage group. 
Each organism or species has a certain number of pairs of 
chromosomes. With the discovery of an increasing number of mutant 
genes (either induced or spontaneous) came the realization that some 
of these genes must occupy positions on the same chromosome. Each 
7 
of these �utant genes tested individually for transmission, segregated 
from its wild-type allele in conformity with Mendelian expectations. 
When studied in pairs or groups of three or more, they yielded ratios 
that frequently departed from the distributions expected on the basis 
of random assortment (Swanspn, 1957). 
A self-fertilized doubly heterozygous F1 or a cross of two 
genotypic2.lly identical dihybrids gives an F2 population distributed 
according to the so-called F2 
table. The basic phenotypic and 
genotypic F
2 
classes according to Immer (1934) are indicated in 
Table 2-a, b. 
The many different types of F
2 
phenotypic ratios that exist are, 
of course, dependent upon the nature of the genes and characters 
involved, but their F
2 
genotypic classes in most cases are the same 
and may be identified through progeny tests, i. e.; by growing F
J 
progenies from self-fertilized F
2 
individuals or making test-
crosses with double recessive-s (Holm, 1966a). 
Holm reported that three types of single-factor segregation can 
be involved in diallele crosses for gene mapping purposes: (1) a 
completely recessive or dominant gene (the phenotypic ratio is J:1). 
(2) A gene pair with intermediate effect (the phenotypic o.r genotypic 
ratio is 1:2:1). (J) A reciprocal translocation (fertile and 
partially sterile individuals in the phenotypically isohomozygous 
ratio is 2:2). Six possible combinations of these three types, 
four of which are more common than the others, are possible. This 
8 
is because two intermediates are seldom combined and two translocations 
crossed do not give any genetic information. The resulting four 
combinations in terms of their single-factor descriptions are_: (1) 
J:1/J:l, (2) J:1/1:2:1, (J) J:1/2:2 and (4) 1:2:1/2:2 . 
. The dihybrid F
2 
phenotypic ratio (based on the independent 
segregation) in the first combination is 9A
-B-:JA_-bb:JaaB-:laabb 
�ith its seven most common modifications 9::J:4t 9::6:1, 9::7, 
12:J:l, lJ:J, 10:6 and 15:1. The second combination is JA-BB:6A-Bb: 
TABLE 1 The Fz Table (After Holm, 1966b) 
The recombination fraction is represented by p. Observed 
frequencies are designated small letters according to Imrner (1934), 
except for the origina_l n. 
1?. 
2 
AB 
(1-p) 
2 
Ab 
p 
2 
aB 
ab 
2 
E 
4 
p 
2 
AB 
e 
g 
2 
p. (1-p) 
4 
f 
p. (1-p) 
4 
h 
2 
2 
E_ 
4 
� 
AB 
AB 
Ab 
AB 
aB 
AB 
ab 
AB 
(1-p) 
2 
Ab 
2 
p. (1-p) 
4 
j 
(1-p) 
2 
4 
i 
2 
(1-p) 
4 
k 
2 
p. (1-p) 
4 
AB 
Ab 
Ab 
Ab 
aB 
Ab 
ab 
Ab 
(1-p) 
2 
aB 
f 
2 
p. (1-P) 
4 
i 
2 
(1-p) 
2 
4 
1 
(1-p) 
2 
4 
m· 
2 
p. (1-p) 
4 
AB 
aB 
aB 
aB 
aB 
aB 
ab 
aB 
p
2 
4 
p 
2 
ab 
h 
2 
k 
2 
p. (1-p) 
4 
2 
p. (1-p) 
4 
d 
2 
4 
AB -
ab 
Ab -
ab 
aB -
ab 
ab 
ab 
9 
10 
TABLE 2a* 
Small letter symbols for the four classes in the phenotypic F
2 
ratio 
9: :J:J:1 *':< (After Holm, 1966a). 
BB+ Bb 
bb 
AA + Aa aa 
d=aabb 
*When two classes in Table 2a or 2b are not separable, their symbols 
are fused in the present study, such as cd, bed, bi, jk, etc. 
**The double colon is used to separate the doubly dominant class from 
the other classes. 
TABLE 2b* 
Symbols for designation of the observed frequences in various 
genotypes in F
2 
from a selfed and doubly heterozygous F
1 
(after 
Holm, 1966b) • 
AA Aa aa 
BB e f 1 
h i 
Bb g (coupling) (repulsion) m 
bb j k a 
*Changed after Immer (1934), who used n instead of d in the doubly 
recessive class aabb. 
11 
JA-bb:laaBB:2aaBb:laabb with its modification J:6::J:J:1, J:6::4, 
and J:6:7. In the third combination, the F
2 
phenotypic ratio is 
6A-F:6A-S:2aaF:2aaS (6:6:2:2) and its modification is 6A-S:6A-S: 
4A-F:4aa (F+S) (6.:6:4:4). F and S represent normal and translocation 
homozygotes and partially sterile translocation heterozygotes, 
respectively. The fourth combination is 2AAF:2AAS:4AaF:4AaS:2aaF; 
2aaS(2:2:4:4::2:2) with its modification 2AAF:2AAS:4AaS:4aa (F+S) 
(Holm, 1966a). 
The F
2 
genotypic ratios of the four combinations are mostly 
recognized through progeny test. Both of the first two combinations 
J:1/J:1 and J:1/1:2:1 give rise to the ratio lAABB:2AaBB:2AABb: 
4AaBb::lAAbb:2Aabb:laaBB:2aaBb:laabb when the mutations involved 
are viable. In the last two factorial combinations, J:1/2:2 and 
1:2:1/2:2, the two groups that are normal and translocation homo­
zygotes, respectively, are not distinguishable because they both 
consist of fertile individuals. The two combinations are both 
characterized by the F
2 
genotypic ratio 2AAF:2AAS:4AaF:4AaS:2aaF: 
2aaS (2:2:4:4:2:2) and its modification is 2:2:4:4. 
A large number of theoretically possible F
2 
phenotypic and 
genotypic ratios exist, but only a small portion of them are used 
as for mapping chlorophyll loci in barley. Automatic computer 
programs were constructed for these few ratios only. The utiliza­
tion of F
2 
ratios are indicated in Table J. 
The term "reciprocal translocation" means the breaking off of 
a piece of each of two non-homologous chromosomes and the subsequent 
exchange and attachment of these pieces. Belling (1931b) was the 
first one to recognize the phenomenon. In his breeding program 
for the improvement of the Florida Velvet bean, he found that there 
were about 50% of visibly aborted pollen and 50% of a normal seed 
set. He termed this semisterility. However, as translocation 
sterility seldom is exactly 50%, the term. partial sterility is 
preferred here. 
The aborted spores servQ as a phenotypic character by which the 
heterozygous translocation can be recognized. In a heterozygous 
translocation, alternate disjunction will result in viable spores 
and adjacent disjunction will result in spores that abort because 
of the effect of both deficiency and duplication (Ramage, _1964). 
According to Ramage in the F
2 
a ratio of 1 standard normal: 2 
heterozygous translocations: 1 homozygous translocation is found. 
12 
As standard normals and homozygous translocations both have normal 
fertility, and heterozygous translocations exhibit partial sterility, 
a phenotypic ratio of l fertile: 1 semisterile is found in F
2
• 
A major cytogenetic problem is the orientation of each linkage 
map on its chromosome with an end gene in the zero position. Trans­
location gene linkage furnishes information for this purpose provided 
the translocation break-points can be determined with s�fficient 
accuracy (Ramage, 1964). 
A large number of reciprocal translocations have been induced 
in barley by means of X rays, neutrons, and other chromosome breaking 
agents. In many of the reciprocal translocations the chromosomes are 
TABLE 3. Distribution of 15 F2 Phenotypic and.Genotypic Ratios Over 
Four Two-factor Combination TyPes (After Holm, 1966a) 
Two-factor Combinations Phenotypic Ratios Genotypic Ratios 
13 
3:1/3:1 
All ratios involve 
either two recessive 
chlorophyll mutations, 
or one recessive vital 
chlorophyll mutation 
and one recessive or 
dominant morphological 
marker-gene visible on 
mature plants only. 
1. 9::3:3:1; r,c* 4. 
2. 9: :3:4; r,c 5, 
3, 9: :7; r,c 6. 
1:2:2:4: :1:2:1:2:l;r,c 
1:2:2:4: :1:2; r,c 
1:2:2:4; r,c 
3:1/1:2:l 
All ratios involve one 
recessive chlorophyll 
mutation and an inter­
mediate mutation 
14. 
15. 
1: (2:2:4); r,c 
0:2:2:4; re** 
?(i). 3:6: :3:1:2: 8. 3:6: :1:2; r,c 
l; r,c 
9, 3:6: :3:4;r,c 
3:1/2:2 10. 6 : 6 : : 2 : 2 ; re 
6:6: :4; re 
12. 
13. 
2:2:4:4: :2:2; re 
2:2:4:4; re All ratios involve a 11, 
recessive chlorophyll 
mutation and a recipro­
cal marker translocation. 
1:2:1/2:2 
All ratios involve an 
intermediate mutation 
and a reciprocal 
translocation. 
2:2:4:4::2:2, re 
(phentoypic and genotypic ratios 
same formula as ratio no. 12) 
2:2:4:4; re 2:2:4:4; re 
(same formula as (same formula as 
ratio no. 13) ratio no. 13) 
* r,c = The ratio behaves differently when in repulsion and 
coupling phase. 
in 
*::� re = The ratio behaves the same in repulsion as in coupling 
phase, 
genetically and cytologically identified (Holm., 1966b). By the use 
14 
of a large series of translocations the positions of a number of genes 
on the chromosomes have been determined. 
J. The mathematical principles and methods used for gene location. 
;
Many different methods are used in the field of Genetics for 
cal ulation of linkage intensities from F
2 
data. Bateson and Punnett 
(19ll) were the first to give a method for measuring linkage 
intensity. Wellensiek (19271 has given .two methods for calculating 
the actual gametic F
1 
series from a given F
2 
zygotic series. The 
first method does not show differences between the male and female 
gametic series. The second method makes it possible to calculate 
the actual ratio.of the four types of gametes for both male and 
female gametic series. 
Owen (1928) used the product moment correlation coefficient in 
developing the formulae for calculating linkage intensities. Haldane 
(1919) showed both a formula for calculating the cross-over percent­
age from F
2 
data and a formula for obtaining the probable error. 
Fisher (1958) and Fisher and Balmukand (1928) made a critical 
analysis of several of the formulae mentioned above. 
Immer (1930) made a further comparison of the relative effi­
ciency of certain of the current methods for calculating linkage 
intensities. The relative efficiency of a formula may be determined 
·by dividing the variance of an efficient f"ormul� by the variance of 
the formula in question. 
Hutchinson (1928) reported that the maxtmum likelihood 
statistic has the smallest possible variance, is considered to be 
one hundred percent efficient and is in all cases superior to any 
other method of estimation. 
Fisher (1958) and Fisher and Balmukand (1928) state that the 
maximum likelihood method will in all cases, in the theory of large 
samples, have a probable error as small as possible. They also have 
shown that Emerson's method, -which they-called the additive method, 
is efficient only for close linkage in the coupling phase. 
Fisher and Balmukand (1928) presented the product method which 
is equivalent to the coefficient of association method developed by 
Collins (1912, 1924) and Bridges (1914). It has the same probable 
error as the maximum. likelihood. It is easy to use when suitable 
tables are available. Imm.er (19JO) has made the same conclusion as 
Fisher and Balmukand (1928). 
15 
From the above-mentioned considerations, it seems that the product 
method and the method of maximum_likelihood are the best general meth­
ods available. The method of maximum likelihood measures the maximum. 
likelihood for the parameter p (ratio of cross-over gametes to total 
number of gametes) to assume a certain value for given observed 
numbers of individuals in different phenotypic and/or genotypic 
classes. 
The method consists in multiplying the logarithm of the relative 
expected frequencies in each of the four F2 phenotypic classes by the 
absolute observed frequencies, summing the four classes and finding 
the value of p which will make this sum a maximum ( Imm.er, 1930). 
The principle of the method is easily grasped. According to 
Mather (1957) the likelihood of obtaining the observed ratio is 
given by the expansion of a multinomial theorem. 
( ml+ 
m
2 
+ . • • . • • • • + m
t 
)
n 
The relevant term is 
n 
a ,_ . . t. 
where n is the total number of individuals in the family; p is the 
recombination fraction; m
1 
• • • • mt are the relative expected 
16 
frequencies in the segregating classes 1 .  • . t: and a1 . • • at 
are the numbers of individuals observed in these classes. The expected 
proportions, denoted by m, are known in terms of p, which is the ratio 
of cross-over gametes to total number of gametes. 
The method of maximum likelihood depends on the maximization of 
this expression, with respect to p. The expression and its logarithm 
will both be maxima at the same value of p. Hence by maximizing the 
logarithm of the likelihood expression with respect to p, the requisite 
recombination fraction may be found. 
The logarithm of the likelihood expression, denoted by L, is 
. where C is a constant depending on the coefficient of the likeilhood 
term. 
Differentiating and equating to zero leads to the equation 
dL dlog� 
___ = a1 ____ + a2 ____ • • • + at---- = 0 
dp dp dp dp 
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One of the solutions of this equation will be the desired value of p. 
There is never any doubt as to which root is required since all the 
others lead to impossible values for the recombination fraction 
(Mather, 1957). 
Holm (1966a) analyzed four iterative methods, namely the Newton-
Raphson, the scoring, the linear interpolation , and the regula falsi. 
The scoring and the linear interpolation methods are the two most 
frequently used in measuring the maximum likelihood-for the parameter 
p. He came to the conclusion that the scoring method is more 
reliable than the re·st for solving of linkage equations of the third 
.degree or higher. 
Holm (1966a) presented a series of programs for solving of 
maximum likelihood equations in an automatic computer. The program­
ing language used was ALGOL 60. 
_As an example he used two single and _a combination of three 
different maximum-likelihood formulas translated into three source 
programs. Two types of genetic linkage were used as bases for these 
three programs: 
1. the type ·of the linkage between two chl.orophyll 
loci (in the two-factor J: 1/J:l ratio) 
2. the type of linkage found in combination-of one 
chlorophyll locus and a marker translocation 
(in the·two-factor J: 1/1: 1 ratio). 
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The first examplifying program describes iteration of the 
formula 
2 (1-2p) -2(1-2p) 2p -- + (f + g) + hi J-n 
p (p-p2) (1-2p + 2p2 2p2 
for the F
2 
genotype ratio 1:2:2:4 in the doubly dominant phenotype 
class A-B- from a dihybrid between the two chlorophyll mutations. 
= 
The second program is a combination of three types of data from 
a cross between two chlorophyll mutations, and is more complicated 
than the first one. Included in this program are the F
2 
phenotypic 
ratio 9::J:4, both in repulsion and in coupling phase, and a progeny 
test of the doubly dominant class 1:2:2:4 in repulsion. 
0 
The third program deals with a cross between a vital chlorophyll 
mutation and a reciprocal translocation. The ratio involved is the 
F
2 
genotype one 2:2:4:4::2:2. Contrary to the situation in the first 
two programs, the ratio of 1:2:1 of normal homozygous plants 
(1 AA) to plants heterozygous for the chlorophyll mutation (2 Aa), 
to recessive homozygous plants (1 aa) is tested. The ratio of 
fertile plants normal for the translocation (TT) to those homozygous 
for the translocation (tt) is not revealed in F
2 
or later generations, 
and their separation would require test crosses to be made with normal 
and fertile control. 
'Besides the cross-over value·(p), the following values are 
calculated: the remainder of the equation after completed iteration 
(D), the total amount of information (I), the standard error of 
p (S) (equal to i , two X 2• s for deviation from single-factor ratios, 
and one for independent segregation, and the -x,
2 
for goodness of 
fit of data to expectation. In combined formulae, each sub­
formula is treated like single formulae except that all the symbols 
have sub-scripts for distinguishing them from those of other sub� 
formulae. 
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MATERIALS 
This investigation is a continuation of Holm's linkage studies. 
The material consists of F
2 
plants grown in Sweden and progeny 
tested in Agronomy greenhouse, South Dakota State University. 
HolJ's Experimental Materials (Holm, 1966b): 
(1)/ Mutations: 
20 
Several hundred chlorophyll mutations of various types have been 
induced in barley by Professor Gustafsson (1940) and isolated at the 
Institute of Genetics, University of Lund, Sweden. Most of these 
mutations were induced by ionizing radiations. About 150 mutations 
w�re selected for investigation of the possible number of loci 
involved in chlorophyll deficiences by.means of dihybrid crosses. 
Of these 150 mutations, 66 were selected to form a basis for mapping 
of loci in the 7 barley linkage groups. Forty-six of these were 
located in 41 loci of the barley chromosomes (Holm, 1966b). Almost 
all of the more common chlorophyll mutation types are found among 
the 46 mutations: albino, chlorina, viridis, tigrina (or mottled), 
xantha, virescens, bicolor (viridoalbino, alboxantha, xanthalba etc. ) 
striated and stippled. They are listed in Holm's paper with 
notations about their origin, peculiarities in their genetic behavior, 
and their location in the chromosomes when determined. The five 
types of mutations involved in this experiment are listed in Table 4. 
TABLE 4 
List of Chlorophyll Characters Subject to Linkag·e Analyses 
(after Holm, 1966b) 
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Gene Symbol 
Present Proposed 
Notations Chromosome 
Vfridis 
Group 
Mottled 
or 
2. 
68 
Tigrina 
Group KJ
0
1 
Xantha 
Gr(?Up 
1-
Lgll lgll M148: 0. 1% Colchicine + 10,000 
r. yellow viridis, induced 
together with semisterility 
but not associated to it 
LglJ lglJ M146 : 0. 0 5% Co.lchicine + ? , 8 50 
r. no sterility, light-green 
viridis 
Lgl5 lgl5 M148: 0.16/o Colchicine + 10,000 
r. yellow viridis 
Lgl6 lgl6 M149: dry, 20,000 r. no sterility 
light-green viridis 
Lgl? lgl? M150: 2,500 r. no sterility 
green viridis 
Mt6 mt6 M150: 20,000 r. no sterility 
very similar to Mt5 mt5 (Necrotic 
transversal stripes, sublethal, 
typical tigrina) 
Mt8 mt8 M154: 8,000 gamma-r. no sterility 
typical tigrina, small and 
irregular, necrotic spots appear 
very late and sparsely on the 
green viridis plant 
X9 x9 M148: 0. 05% Colchicine + 5, 000 r. 
associated with an inversion and 
microspore necrosis (Holm, 1960) 
greenish xantha 
XlJ xl3 M148: dry, 10,000 r. no sterility 
greenish xantha 
2 
1 
2 
2 
1 
6 
2 . 
1 
3 
Gene Symbol 
Present Proposed 
Xantha 
Group 
44x 
XaJ 
46 
Bicolor 
Group 
1 
28 
Xl4 xl4 
Xl6 xl6 
Ax ax 
Y9 y9 
Xa xa 
TABLE 4 continued. 
Notations 
M150: dry, fast neutrons, in­
duced together with semi­
sterility, no association 
recorded, very slightly 
yellowish xa�tha 
Spontaneous, from Nilsson-Ehle's 
material, isolated from the 
variety Gull and commonly called 
xantha 3, color is greenish 
yellow and it is not a strict 
xantha according to the classi­
fication scheme of Gustafsson 
(1940). 
M150: dry, neutrons 4', 50 muA, 
this mutation which is called 
alboxantha, has an orange-yellow 
leaf with a white tip, not 
associated with sterility 
sublethal 
This mutation seems to be created 
in � each time the line Via2 
via2 is crossed by certain other 
lines or varieties. This has been 
recorded in a limited number of 
cases, i• �- in the cross with the 
marker line that contains Trtr and 
Nn. The mutants · at first resemble 
Via2 via2. Later they -become 
distinctly more green in the leaf­
tip and this greening is extended 
to the middle part of the leaf 
M149: 0 . 0001 MKCN + 10, 000 r . ,  no 
sterility. This mutation has a 
white leaf with a yellow _tip and 
is called Xanthalba. 
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Chromosome 
1 
3 
1 
1 
3 
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TABLE 4 continued. 
Gene Symbol 
Present Proposed 
Notations Chromosome 
2 1  St3 st3 M148: 0. 1% Colchicine + 10, 000 r. 2 or 4 
Longitudinally striated in a 
light-green color, almost 
absolutely linked with a 
Striated 
reciprocal translocation be-
tween chromosomes 2 and 4 .  
and 
(T2-4 st 3, isolated in the 
prese_nt material) The mutant 
Stippled 
plants are homozygous for the 
translocation , and the plants 
Group being normal for the mutation 
(AA) are also normal for the 
translocation, very seldomly 
surviving in the field . 
Kl.Q.2 
Sp sp Arose spontaneously from the 1 
line Mt8 and mt8 in 1961 , no 
sterility , all leaves are 
stippled with very small green 
flecks , sometimes surviving 
under favorable field 
conditions . 
The mutations are induced in the Bonus variety unless other­
wise indicated. The gene symbols are proposed but not yet 
recommended . 
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(2) Genetic Markers : 
The marker gene stocks used to localize the chlorophyll mutation 
loci are summarized in Table 5 ,  
Linkage 
Group 
I 
II 
III 
IV 
V 
VI 
VII 
TABLE 5 
Characters and Genetic Stocks Used to Locate Mutant Genes 
(After Holm , 1966b) 
Character 
Green vs . white seedling 
Normal vs. brachytic 
Green vs. chlorina seedling 
�overed vs , naked caryopsis'l< * 
Green vs. virescent seedling 
Green vs , Chlorina seedling 
Normal vs. short awn 
Green vs. orange seedling** 
Normal vs. triple-awnea lemma 
Green vs. white seedling 
Green vs. white seedling 
Normal vs. "uzu" "" ,:� 
Green vs, xantha seedling 
Hooded vs. awned 
Symbols 
Ac2ac2 
Brbr 
Fcfc 
Nn 
Yeye 
Ff 
Lklk 
Oror 
Trtr 
Anan 
Acac 
Uzuz 
Xata 
Kk 
Green vs. white seedling Atat 
Black vs, white lemma and perica rp Bb 
Normal vs , third outer glume"�*  Trdtrd 
Green vs. xantha seedling 
Normal vs. orange lemma ,:, �� 
Normal vs, smooth awn* ':' 
Long vs. short-haired rachilla 
Xnxn 
Oo 
Rr 
Ss 
Accession 
Number':< 
15, 27 
11 
12 , 26 
2, 11, 14, 16, 
18, 38 
13, 27 
5 
6, 22 
7, 23 
2, 21 
16, 30 
19, 32 
18, 31 
16, 30 
4, 12, 14, 19, 
20, 36 
10, 25 
8, 16, 17, 37 
9, 24 
4, 14, 28 
1 
1, 17 
3, 7, 10, 12 ,  
13, 15 , 20, 34 
* 
** 
The accession numbers refer to the material of the present author , 
The tester involved in this experiment . 
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( 3) Translocations : 
The homozygous reciprocal translocations used in this experiment 
are summarizea in Table 6. 
TABLE 6 
Reciprocal Translocation Used to Locate Mutant Factors 
(After Holm, 1966b) 
Trans- Break Position'::: 
location Precious Cytological Genetic al Variety Source 
Tl-5b c1385 ( b-a) S? L? L L?  Mars Hagberg'�* 
Tl-5f** '� xT12 ( b-a )  S ?  L?  L Bonus I I  
Tl-6a Cl48J ( b-g ) s Sat L StSat Mars I I  
Tl-6e"� :::0::: xTJ (b-g ) L S ?  Bonus f l  
Tl-7a c1358 (b-a) L s L Mars II 
T2-Ja >:� * ,:; T-ertc f (f-c) L or Le S ?  Gull f l  
T2-4a Cl420 (f-e) s or Le C ?  Mars f l  
T2-4c* ':::* nT3 ( f-e) s or Le Bonus f l  
T3-4a Cl432 (c-e) C C ?  Mars f f  
T5-7b xT5 (a-d) L?  L? L?  Bonus f l  
* After Ramage, Burnham and Hagberg (1961) and Ramage and Suneson 
(1961) I 
* *  
* **  
S = Short arm 
L = Long arm 
Sat = - Satellite 
C = Close to centromere 
Le = Long arm , close to centromere 
? = Break positions not finally established 
= No obvious alterations of the Karyotype 
No symbol = No analysis performed . 
The Swedish Seed Association, Svalof, Sweden. 
The translocations involved in this experiment . 
The marker genes �nd reciprocal translocations used in this 
investigat ion are part of an international material, which is pictured 
in the chromosome map in Yigure 1. 
lo. 1 
·. · · • 
Tl-6a 
■ 
tl-5b 
n-5f­
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'Tl-?a 
. .. 
br 
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n 
lo. 2 
T2-4/I . 
or 
T2-4a ■ 
T2-Ja Lr 
. .. 1 . 
. 
. 
_...,k 
tr 
No. J No. 4 
..
. . . , I 
T2-Ja I ( 7 )  lk 
· . . . .. 
. .. • ■  
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( ? )_ • •. ..... XC 
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II-an 
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r Tl-6a · .... ■ 
ac Tl-6e 
{ 1 I 
Tl-; I . . . ■ : :-:·; 
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( ? )  I ■ 
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I 
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,.••· . . 
Figure 1. Chromosome Map £2£, the Seven Linkage Groups in Barley. On the map are indicated the 
positions of marker genes and reciprocal translocations used for this study. Circles 
represent centromeres. 
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EXPERIMENTAL PROCEDURE 
Field crosses were made in Lund, Sweden among the three 
experimental materials in the f_ollowing ways: i) mutations x trans­
locations, ii) mutations x genetic markers, and iii) mutations ·x 
mutations. 
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More than 9, 000 spikes crosses were made during the years 1952-
1964 representing 1, 434 diallele combinations and about 700 of these 
combinations were sown in F
1 
and F
2
• At least JO kernels ( when the 
combination comprised two chlorophyll characters) or at least 20 
kernels ( Hhen �he combinations comprised a chlorophyll character and 
a morphological marker, or a reciprocal translocation) of each F
2 
plants were planted in soil in greenhouse be�ches for progeny testing 
to furnish material for calculation of cross-over values. 
The 1966 field planting of F
2 
seeds, obtained in Sweden, was 
used for the present classification of the F
2 
genotype . About 2800 
plants were selected . At least JO kernels of each of the F
2 plants 
were planted in the mixture of soil and sand ( 2/3 of sand and 1/3 of 
soil), in greenhouse benches on July 20, 1967 at South Dakota State 
University . 
Normal and mutant seedlings were counted in the two-leaf state 
at a - temperature of 75
°
-So
°
F (2J.5
°
-26. 4
°
c), see figure 2-a ,  -b, -c,  
and -d and figure J-a, -b, -c, -d, -e, -f, -g, and -h. Most 
combinations segregated except those in the crosses between mutants 
and markers. Some more crosses of this type (KJQ
1 
x · L�, KlQ_2 x ·/2., 
KJ.Q.1 
x Ml, � x 46, J1 x M,2_, J1. x M18, and KJQ
2 
x M,2_) were planted 
in late August, 1967. Segregation counts were taken at the two-leaf 
stage at an average temperature of 73
°
F (2J
°
C). The classification 
and recording of morphological marker characters ( including semi­
sterility) and chlorophyll mutations in the progeny testing were 
made by the writer and were checked by Dr. Holm. 
Data from F
2 
progeny tests were analyzed in the computer for 
calculation of recombina\ion -values, sta.ndard errors, and auxillary 
,v 2 ' 
Iv S .  The equations were based on the maximum-likelihood method 
(see page 16). The variables presented in the three programs for 
calculation in the computer are listed as follows ( Holm, 1966b). 
1. Cross-over values. 
These parameters are symbolized by "p". Each of the 
three programs represents a formula combined of one F2 
phenotype and one F2 genotype formula, and the three cross­
over values are designated the symbols "pl", "p2" ,  and ' 'pn. 
2. Corresponding standard errors are "31 1 1 , 1 1 32" , and "S" . 
J. X 
2 
tests of goodness of fit of data to expectation 
are called XlJ, X2J, and XT in the two sub-formulas, and 
the combined formula, respectively. 
. . 
4. -:t2 tests of linkage ( X, 21), measured by departure from 
independent segregation, are called Xl4, X24, and XI, 
respectively. Crois-over values with significant x2 • s  of 
type J and 4 are treated with great caution when the final 
considerations regarding gene localization are made. 
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RESULTS AND CONCLUSION 
The F
2 
genotype segregations of the crosses between thirteen 
chlorophyll characters (669 plants) are summarized in Table 7. The 
eight crosses (393 plants) between chlorophyll characters and marker 
genes are summarized in Table 8. The nine crosses (1274 plants) 
between chlorophyll characters and reciprocal translocations are 
summarized in Table 9. The F
2 
phenotype segregation of partial 
sterile ( S): fer tile (F) ·individuals is based on a morphological 
charac'ter , visible only in mature plants. The observed frequencies 
in the different classes were used to calculate the cross-over 
values, 
2 
-values and standard errors. 
· To reaffirm the positions of some mutant genes on chromosomes 
which have been located by Holm (1966b) is the actual purpose for 
this experiment. The location of mutant genes on chromosomes is 
based on the data obtained from three different types of crosses 
and the chain relationships made from the comparisons with one 
another. 
Besides thirty-four crosses between chlorophyll characters 
present in Holm ' s paper, 12 more crosses �re examined (see Table 7). 
Mutant } (lgll) is linked with reciprocal translocations T2-3a, 
T2-4c, T2-6fl5, with marker gene or (marked on chromosome 2, see 
Table 5 )  and shows a weak association with chlorophyll character 
lg 16 (which in its turn is located on chromosome 2 because of its 
linkage with T2-4a and marker gene tr and v). Therefore, mutant } 
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JO 
could be clearly located on chromosome 2 (Holm , 1966b) .  Mutant 19 
(lglJ ) is closely linked with marker gene n ( marked on chromosome 1) 
and is strongly linked with xl4 (x14 is closely linked with x9 , which 
in its turn is linked with marker gene n) , lgl4 (located on chromo­
some 1) , and ax (which is closely linked with a break-point in Tl-6e) . 
Therefore , mutant 19 is supposed to be located on chromosome 1 
(Holm , 1966b). There is no contradiction to this because mutant _1 
is not linked with 19 according to the data presented in Table 10. 
In a similar way , the conclusions made from Holm ' s  results and 
the results presented in Tables 10 , 11 , and 12 are analyzed and 
summarized in Table lJ. 
Besides mutant n_ (lg15) which has not been possible to locate 
either by Holm or the present author , the 13 verified genes indicated . 
in Table 13 as well as the 33 located genes indicated in Holm ' s  paper 
are marked in the chromosome map in Figure 4. It is obvious from 
Figure 4 that there is a high significance for a non-random 
distribution of loci among the chromosomes. 
TABLE 7 
Cross  
l x 19 
l X .l!:. 
l x 46 
J_ x 19 
J_ x 46 
19 X Jl._ 
21 X 28 
n x 1 
27 :x: 23 
2J X 28 
68 X 19 
68 X 27 
21 X 25 
Summary of Observed Segregation Ratio s  for Cros se s  Between Chlor0Eh1ll Characters --
Row F2 Phenotype Ratio s  F2 Genotype Ratio s  --Number of 
Numbers a b C Total e f g hi Total Discarded 
A B A-bb aa (B-bb) AABB AABb AaBB AaBb Plants*  
1 , 2 22 7 8 37 1 3 6 5 15 3 
3 ,4 0 0 0 0 7 23 24 42 96 7 
5 , 6 , 7 , 8  0 0 0 0 5 9 13 21 48 12 
9 , 10 , 11 ,  
12 , 13 , 14 0 0 0 0 98 189 37 83 407 10 
15 , 16 , 17 0 0 0 0 0 0 1 120 ' 121 0 
23 , 24 , 25 0 0 0 0 7 6 6 78 97 2 
32 173 51 53 277 5 6 3 5 19 0 
35 , 36 , 37 159 63 61 283 18 21 21 68 128 3 
38 , 39 0 0 0 0 18 17 39 43 117 0 
40· 24 7 6 37 1 3 4 6 14 0 
82 , 83 , 84 100 33 42 175 10 18 10 37 75 2 
68 29 9 13 51 2 7 5 8. 22 0 
31 97 21 47 165 8 15 17 27 67 1 
>:� Plants with les s  than 10-12 kernels were discarded . 
Total 
Number of 
Plants 
18 
103 
60 
417 
121 
99 
19 
131 
117 
14 
77 
22 
68 
TABLE 8 Summ.ary of Observed Segregation Ratios for Crosses  Between Chloro:ehyll Characters and 
Marker Genes 
Row 
Cross  Numbers 
l xor 18 , 20 
..Ib_xfc 62 , 63 
KJQ2xfc 111 · · 
Cross  Row 
Numbers 
31:xn ( in.Ml8) 64 , 6.5 ,  
.1!:_xu z ( inMl 8) 
K307 xo ( inMl) 
66 
K 30lxr ( in Ml) 96· 
K]_Q_2xtrd 109 , 110 
-
a. The Marker Gene is a ChloroEb:Yll Character 
F2 Phenotype Ratios Fz Genotype Ratios 
a b C e f O' hi 0 
A-B- A-bb aa (B-bb) Total AABB AABb AaBB Aabb 
94 32 32 1.58 11 .50 0 16 
1.59 .57 60 276 37 3 34 70 
30 . 11 1.5 .56 2 0 9 1 
b .  The Marker Gene i s  a Mor:ehological Character 
Visible on Mature Plants Onl� 
F2 Phenotype Ratios F2 Genotype Ratios 
a b 8 0"  fhi j k _ o  
A-B- A-bb Total A BB A-Bb AAbb Aabb 
4.5 15 60 3 35 4 5 
35 11 46 5 30 1 10 
4.5 1.5 60 11 21 4 9 
32 14 46 9 17 5 5 
36 14 .50 5 28 3 4 
* Plants with les s than 10-12 kernels were discarded . 
Number of Total 
Discarded Number 
Total Plants )� Plants 
77 1 78 
144 0 144 
12 2 14 
Number of Total 
Discarded Number 
Total Plants * Plants 
47 14 61 
46 1.5 61 
45 16 61 
36 2.5 61 
40 10 50 
'u.) 
N 
TABLE - 9 
Cross  
_g_J_xT2-3a 
2xT2-3a 
27xT2-4c 
KJ.Q.
1
xT2-3a 
KJQ1xT2-4c 
KJQ1xTl-5f 
Az
2xTl-6e 
Az2xTl-5f 
Xa3xT2-4c 
Summary of Observed Segregation Ratios for Crosses  Between Chlorophyll Characters 
and Re ciprocal Translocations 
F2 Phenotype Ratios  F2 Genotype Ratios 
Row F s 
Number efjk ghi 
A- ( BB ,bb) A-Bb 
41 ,42 53 50 
49 31 59 
53 60 58 
105 14 21 
106 , 107 28 86 
101 37 37 
113 13 40 
112 , 114 , 22 28 
115 
122 17 15 
AA Aa 
F ( ej) S (g) F ( fk ) 
Total AA( BB ,bb) AABb Aa(BB , bb; 
103 18 10 33 
90 22 1 9 
118 21 16 39 
35 5 10 9 
114 13 28 8 
74 . 15 12 21 
53 4 8 8 
50 3 3 19 
32 3 2 14 
Number of Total 
Dis carded Number 
S ( hi) Plants* of 
AaBb Total F s Plants 
39 100 2 1 103 
. 56 88 0 2 90 
41 117 0 1 118 
10 34 0 1 35 
15 64 7 43 114 
20 68 1 5 74 
27 47 1 5 53 
23 48 0 2 50 
9 28 0 4 32 
* Plants with les s  than 10-12 kernels were discarded . 
\....u 
'vJ 
TABLE 10 Linkage Data From the Crosses Between Chlorophyll Characters 
No. of Plants in + 2 Cross p. 100-s. 100 F2 Generation t 1  d. f p 
.2xl9 
2_x31 
2_x46 
7xl9 
7x46 
+ 
46 . 6+15. 8 
42. 4+7 - 2  
48. 4+11. 3 
78 9-0 0* * *  • + • , 
0 . 4-0. 4 
Phenotype 
37 
0 
0 
0 
0 
Genotype 
15 52 0 . 121 5 n. s*** 
96 96 1 . 418 3 n, s 
48 48 0 . 023 3 n. s 
407 407 69 . 295 3 P< 0, 001 
121 121 15. 125 3 0 . 001<-P< 
0 . 005 + 
19x2!_ 14 . 8+2. 9 0 97 97 1 . 490 3 n. s 
56 . 3+7. 5 21x28 277 0 277 0 . 595 1 n. s -· - --
n_x.2_ 283 128 411 0. 009 5 n. s 50. 9+5. 4 
27x23 56 . 2+7. 1 0 117 117 2 . 163 3 n. s 
-ix28 47. 8+1:5. 9  37 14 51 - 0 . 020 5 n. s 
xl9 54 , 8+6. 7 175 75 250 0. 256 5 n. s 
b8x27 48. 9+13. 3  51 22 73 0. 014 5 n. s 
2lx25 58. 7-6 . 6  165 67 232 1. 709 5 n. s 
1i4Xx46 
* 
** 
*** 
0 3 **** 
Due to the variance being negative, this standard error is not 
possible to calculate. However, it is probably low, regarding 
the high number of individuals tested, 
z, 19, and 2!_ should all be very close together as the crosses 
1 x � and Z x 44X show absolute linkage, while 19 x 44X and 
19 x 46 have a 0 , 9  and 0, 8% cross-over, respectively (see Holm, 
1966b;. The cross-over of 7 x 46 is 0. 4% (see the present 
table) .. Apparently, 19 is causing too high cros_s-over values 
in some crosses but not in others. The X23.in 7 x 19 is not 
·possible to calculate, but is probably very high. In 19 x 31, 
X23 is 40, 152, d. f. =3; P<0. 001, which may indicate interference 
between the two cistrons in question • . 
n . s=not significant 
**** The low number of individuals does not allow calculation of cross­
over value. 
TABLE 11 Linkage Data from the Cros ses  Between Chlorophyll Characters and Marker Gene s 
Cross  
.7_xor 
l_lxM2_ 
J1xn(inM18) 
}lxuz(in Ml8) 
' ' 
KJ.Q.
1 
xo( in M1_) 
KJQ
1
xr(in · M]) 
KJQ2
xtrd( in M2) 
KJQ2:xlvl.2_ 
+ 
p. 100-s. 100 
+ 
48. 8-11. 9 
45. 6-9.9 
+ 
56 . 2-8.4 
+ 
62 . 0 -8 . 6  
+ 
55 . 6-8 . 5  
49. 4-9. 6 
56 . 4-9 . 1 
* n. s = Not Significant. 
No. of Plants in 
Fz Generation 
Phenotype Genotype 
126 
276 
60 
46 
60 
46 
so 
0 
0 
0 
47 
46 
45 
36 
40 
12 
Total 
126 
276 
107 
92 
105 
82 
90 
2 
L 
0. 011 
0. 222 
1. 209 
0. 116 
0. 015 
1.697 
0 . 635 
d. f 
1 
1 
5 
5 
5 
5 
5 
>:c * 
>): >:, The low number of individuals does  not allow calculation of cross-over value. 
p 
n. s >:< 
n. s 
n. s 
n. s 
n. s 
n. s 
n .  s 
v-) 
V\ 
TABLE 12 Linkage Data from the Crosses  Between Chlorophyll Characters  
Cros s  
+ 
p . 100- s . 100 
+ 
2xT2-Ja 32 . 9-4 . 0  
2_xT2-3a 
+ 
5 . 8-1 . 7  
27xT2-4c 
+ 
39 . 0 -4 . 7  
+ 
KJQ1 xT2-3a. 11 . 3�6 . o  + 
. K.lQ.
1 
xT2-4c 31 . 1-4 . 6  + 
KJQ
1
xTl-5f 41. 9-7 . 1 
+ 
A.7.2xTl-5f 3J . J-5 . 9  + 
A.7.
2
xTl-6e 17 . 1-J . 9 
+ 
XaJxT2-4c >� >lo:C 56 . J -O. O**  
* n . s = Not Significant . 
and Reci£rocal Translocations 
No . of Plants in 2 
F2 Generation L 
d . f  
Phenotype Genotype Total 
103 100 203 1 . 516 5 
90 88 178 61. 025 5 
118 117 235 0 � 308 5 
35 0 35 1. 400 5 
114 64 178 1 . 675 5 
74 68 142 0 . 052 5 
50 48 98 0 . 672 5 
53 47 100 10. 8�1 5 
0 28 28 0 . 571 3 
p 
n .  s*  
P 0 . 001 
n . s 
n .  s 
n .  s 
n. s 
n .  s 
n . s ( 0. 02 P 0 . 05 )  
,� ,:, Not pos sible to calculate as  the variance was negative . The standard error is probably high ; 
regarding the low number of individuals . 
,� ,:< >:< This cross  was not included in the final analysis . Due to the low number of individuals 
XaJ is already located in chromosome 3 (Holm., 1966b) . 
\..,.) °' 
Figure 2. Progeny Test of F2-Plants 
a .  Phenotypic segregation of F
3
-seedlings in a green­
house bench at a temperature of 75°-8C°F .  The seedlings 
are 8 days old and preliminary classification of normal 
mutant plants started at this stage . 
37 
Figure 2·-b .  The seedlings are 10 days old. The preliminary 
classification is continued. 
38 
Figure 2-c. The seedlings are 12 days old and the preliminary 
classification is completed. 
39 
Figure 2-d .  The seedlings are 15 days old. Re-examination and 
final classification is almost completed . 
40 
Figure 3-a , Comparison Between the First Leaves of Normal and 
Chlorophyll Mutant Seedlings. A, Normal. B. Viridis 
Mutant ]_. C. Viridis Mutant Jl. 
(For description of mutant types see Table 4. ) 
41 
Figure 3-b.  A. Normal. B .  Viridis Mutant 19 . C .  Viridis 
Mutant 21_. 
42 
Figure 3-c. A .  Normal . B .  Viridis Mutant l_. C .  Alboxantha 
Mutant 46. 
43 
44 
Figure 3-d. A. Normal. B. Viridis Mutant J_, C. Xantha Mutant 19 , 
Figure J-e. A. rormal. B. Tigrina Mutant KJQ1. C. Stippled 
Mutant KJ.Q.
2
. 
45 
46 
Figure 3-f. A. Normal. B. Striated Mutant 21. C. Xantha Mutant 25 . 
Figure J -g . A .  Normal . B . Vir idis Mutant n_. C .  Tigr ina 
Mutant 27 . 
47 
Figure 3-h. A. Normal. B. Viridis Mutant ]!. c .  Chlorina 
Mutant M.2_. 
48 
Cross  
l..(lgll)xl9 (lgl3) 
Cross  
LgllxT2-3a 
·xT2-4c 
xT2-6fl5 
xOror 
xLgl6lgl6 
xXllxll 
lgl3xT2-
6fl5 
Y..Nn 
TABLE 13 . Conclusion 
Information (Holm , 1966b) 
Conclusion p-value and Chromosome Number 
Standard errors 
32 . 8-.!:5 , 7  (with 
'X 2L n . s )  + 
27 , 2-4 , 5  + 
15 . 8-4 . 1  + 2 
79 . 9-2 , 9  Ci = 
75 . 03 , p,0 .1%) 
+ 
16 . 8-4 . 2 
(weak 
association) 
+ 
19 , 8-6 , 7 
(weak 
as sociation) 
independent 
segregation 
+ 
6 , 9-1 . 5  
2 & 3 
2 & 4 
2 & 6 
marker gene or is on 
chromosome 2 
l, on chromosome 
2 and 19 , on 
chromosome 1 are 
not linked 
lgl6 is relatively close 
to a break-point . in 
T2-4a , This is a partial 
verification of the 
linkage between lgl6 and 
v in chromosome 2 
no information 
2 & 6 
marker gene n is on 
chromosome 1 
+:" '° 
Cross 
J_(lgll) xJl(lgl? ) 
Cross 
xAxax 
xLgl4lgl4 
xX14xl4 
lgll • •  I • • . 
(see above) 
lgl7xTl-5f 
xVv 
xAtat 
�9x9 
TABLE 1.3 continued, 
Information (Holm , 1966b) 
p-value and 
Standard errors 
+ 
0 , 8-0 , 5 
+ 
7 , 1-4, 9 
+ 
0 , 9-0 , 8  
+ 
0 , 8-0 , 5 
independent 
segregation 
independent 
segregation 
o�o 
Chromosome Number 
ax is closely linked with 
the chromosome 1 break­
point in Tl-6e 
l:lgl4 is linked with 
Tl-5f and Tl-6e 
l:x14 is closely linked 
with x9 which is linked 
with marker gene n 
1 & 5 
marker gene v is on 
chromosome 2 
marker gene at is on 
chromosome 5 
x9 is linked with marker 
gene n on chromosome 1 
Conclusion 
l, on chromosome 
2 and Jl, on 
chromosome 1 are 
not linked 
I 
\.1' 
0 
Cros.s 
J_(lgll )x46 ( ax) 
7 (x9)x19(lgl3) - -
Cross 
lgll. • • •  
axxTl-6e 
xlgl3 
X9xTl-5f 
xTl-6e 
xNn 
xOror 
xl'rtr 
xAnan 
xBb 
TABLE 13 continued , 
Information {Holm, 19DbbJ 
p-value and Chromosome Number Conclusion 
Standard errors 
( see above) l, on chromosome 
2 and 46, on 
chromosome l are 
not linked 
o-:o 1 & 6 
+ 
0 , 8-0. 5 the location of lglJ on 
chromosome 1 · i s  verified 
I 
+ 
1. 6-0. 8 1 & 5 7, on chromosome 
1 and 19, on + 
3. 6-1. 2 1 & 6 chromosome 1 are 
+ linked together 
9 , 5-2. 3 marker gene n is on (see also foot-
chromosome 1 note) 
independent 
segregation " marker gene tr is  on 
chromosome 2 · 
" marker gene an is on 
chromosome 2 · 
" marker gene b is on 
chromosome 5 
Cros s Cross 
x1g17lgl7 
xX14xll� 
lglJ • • • • •  
l(x9)x46 (ax) (see above) 
19(lg1J)x}l(lg17) (see above) 
21( stJ )x28(xa) stJx:Brbr 
xNn 
xVv 
xTrtr 
TABLE 13 continued. 
Information (Rolin 1966b) 
p-va.lue and 
Standard errors 
o�o 
o�o 
( see above) 
· ( see above) 
( see above) 
independent 
segregation 
I I  
+ 
27. 3-4. 1 
+ 
31. 2-L�. 5 
. Chromosome Number 
the location of lgl? on 
c·hromosome 1 is verified 
( see above) 
the location . of lgl3 on 
chromosome 1 is  verified 
( see above) 
( see above) 
marker_ gene br is on 
chromosome 1 
marker gene n is  on 
chromosome 1 
. marker gene v is on 
chromosome 2 
marker gene tr is on 
chromosome 2 
Conclusion 
7 and 46 are 
linked�see also · 
footnote) 
19 and ]l are 
linked ·( see also 
footnote) 
28 is not in 
chromosome 2 or 
'-" 
N 
Cros s 
. n_(lg15 ) x_l( lgll ) 
TABLE 13 continued , 
Information (Holm, 19665) 
Cros s 
xUzuz 
xKk 
xFf 
xaxX13xl3 
xX16x16 
xY5y5 
lgl5 
no information 
p-value and 
Standard errors 
independent 
segregation 
+ 
6. 9-2. 2  
independent 
segregation 
o�o 
o�o 
+ 
4 , 7-4 , 9  
lgll. . • • • ( see ·above ) 
Chromosome Number 
marker gene uz is on 
chromosome 3 
this. linkage is  due to 
the transiocation T2-4st3 
with which St3st3 is 
almost absolutely linked 
marker gene f is on 
chromosome 2 
J :  xlJ is linked with T2-
3a and is to be indepen­
dent of T2-4c 
J :  x16 is llnked with T2-
�3a and is to be indepen­
dent of T2-4c 
y5 shows weak as sociation 
with xl3 
the location of lgll on 
chromosome 2 is verified 
Conclusion 
� is probably 
not in the long 
arm of chromo­
some 2 
t 
V'\ 
\..J 
c·ross 
27 ( lg16 ) �( 1g15 )  
Cross · 
lgl6:xTl-5b 
:xT2-4a 
xl'l-6a 
xBrbr 
xFcfc 
xNn 
xTrtr 
xVv 
xVv 
TABLE 13 continued. 
Information (Holm, 1966b) 
p-value and 
Standard errors 
independent 
segregation 
+ 
9 , 7-2.0 
independent 
segregation 
" 
" 
" 
+ 
27 , 9-3 , 9  
+ 
37 , 7- 3 , 7  
25.8�4. 2 (linked 
with the trans� 
location T2-4a· · 
which reduces the 
recombination 
· value · 
Chromosome Number 
1 & 5 
2 & 4 
1 & 6 
marker gene br is on 
chromosome · ·1 
marker gene fc is on 
chromosome 1 
marker gene n is on 
chromosome 1 
marker gene tr is on 
chromosome 2 
marker gene v is on 
chromosome 2 
(same as �bove) 
Conclusion 
£1 is probably 
not in the long 
arm of chromo­
some 3 (J. and 1. 
occupy extreme 
positions in the 
long a:r'm of 
chromosome 2 )  
� 
TABLE 13 continued. 
Information (Holm, 19Dbb) 
Cross Cross p-values and Chromosome Number Conclusion 
Standard errors 
xLglllgll 
+ 
16. 8-4. 2 (weak the location of lgll on 
association) chromosome 2 is verified 
lgl5 . • • • . • •  no information 
n_(lg15) x�(xa) lgl5 • • . . • • •  no information � is probably 
not in the short 
xa . • . • • • • • •  (see above) arm or the prox-
imal part of . the 
long arm of 
chromosome 3 
68(mt6 )x19(lgl3) mt6xTl-5f 24. 1°!:12. 4 1 & 5 68 is close to a 
+ 
1 & 6 
break-point in 
xTl-6e 1. 0-:-0. 6 Tl-6e. This fact 
is a partial 
xNn independent marker gene n is on verification of · 
segregation chromosome 1 the linkage be-
tween 'mt6 and o 
xKk " marker gene K is on in chromosome 6 ,  
chromosome 4 The 68 is not 
+ linked with ·19 · 
x0o 5. 4-5. 3 marker gene o is on which is located 
chromosome 6 on chromosome 1. 
xRr independent marker gene r is on 
segregation chromosome 7 
\.Tl 
\.Tl 
lgl2 (see above) (see above) 
Cross 
68(mt6)x27 ( 1g16) - -
1_(x9)xM?(or) 
�(lg17)xM.2_( f) 
l!(lgl7 ) xM18(n) 
Cross 
mt6 • • • • •  
lgl6 . • • , 
x9. • • • • • 
or • • • • • •  
lgl7 • • • •  
f I I I I I I I 
lgl7 . ... . . 
TABLE 13 continued. 
Information (Holm, 1966b) 
p-value and 
Standard errors 
(see above) 
(see above) 
(see above) 
(see above) 
(see above) 
Chromosome Number 
(see above) 
(see above) 
the location of l on 
chromo'some 1 is 
verified 
marke.r gene or is on 
chromosome 2 
Conclusion 
68 partial verified on 
chromosome 6 is not link­
ed with 27 whi'ch is. 
verifiedon chromosome 2 
7 is not linked with or 
on chromosome 2 (see 
, also above) 
the location of l! on J_ is not linked with or 
chromosome 1 is on · chromosome 2 (see 
verified also above) 
marker gene f is on 
chromosome 2 is 
verified 
(see above) 7 is absolutely linked 
with 7 �  which in its 
turn shows 9 , 5% cross­
overs with n. XT in the 
cross Jlxn is 14. 302, · d. 
t25 0 , 001 P 0. 01 � which 
may indicate that the ]! 
and n cistrons are 
interfering with each 
other 
\J\ °' 
Cross  
Jl(lgl7) xM18(uz ) 
.KlQ.
1 
(mt8 )xMJ.(o)  
KlQ.
1 
(mt8)xMl ( r) 
KJQ.2(sp);xM9 (  trd) 
TABLE 13 continued . 
Information (Holm , 1966b 
ros s  
lgl? • • •  _• , 
uz . . . .  - . . .  
mt8xNn 
xTrtr 
mt8 • • • , . ,  
r • • • • • • • • 
spxTl-5f 
xT2-Ja 
xT2-4c 
xNn 
x0ror 
xTrtr 
( see above ) 
independent 
segregation 
+ 
16 . 4-4 , 7  
( s·ee above ) 
+ 
1 . 0-0 , 4 
independent 
segregation 
I I  
+ 
9 , 0 -3 , 5  
independent 
segregation 
I I  
romosome l\Jumoer 
( see  above ) 
marker gene uz is 
on chromosome 3 · 
marker gene n is  on 
chromosome 1 
marker gene tr is  on 
chromosome 2 
Conclusion 
11 is not linked 
with uz on chromo­
some 3 
indicates that KJQ.
1 
( on chromosome 2)  
is not linked with o 
in chromosome 6 
indicates that K.22_
1
-
is not linked with 
marker gene r is on r on chromosome 7 
chromosome 7 
1 & 5 
2 & 3 
2 & 4 
marker gene n is on 
chromosome 1 
marker gene or is on 
chromosome 2 
marker gene tr is  on 
chromosome 2 
KJ0
2
, verified on 
chromosome 2 is not 
linked with trd in 
chromosome 5 
\.1' 
-'1 
Cross 
�(lg15)xT2-Ja 
2(xlJ ) xT2-Ja 
27 (lgl6 ) xT.2-4c 
Cross 
xAnan 
x.Bb 
trd . . . . .  . 
lgl5 • • • • •  
T2-Ja • •  , , 
xlJxT2-Ja 
lgl6xT2-4a 
T2-4c 
TABLE 13 continued. 
Information (Holm, 1966'6) 
p-value and 
Standard errors 
independent 
segregation 
1 1  
no information 
+ 
2 .  9-1 . 0  
+ 
9 , 7-2 . 0  
Chromosome Number 
marker gene an is on 
chromosome 2 
marker gene b is on 
chromosome 5 
marker gene trd is on 
chromosome 5 
2 & 3 
the location of xlJ 
on chromosome 3 is 
verified 
2 & 4-
Conclusion 
indicates that � is 
probably not in the 
short arm or the prox- · 
imal part of the long 
arms on chromosome 2 
and 3 
verified that 25 is 
closely linked to th� 
break-point in chrome� 
some 3 
27 is linked to the 
T2-4a break-point .in 
chromosome 2, which is 
located proximally in 
the short arm, · Con­
sequently, the T2-4c 
break-point in chromo­
some 2 is probably 
located distally in the 
long arm 
\J\ 
co 
Cross 
KJQ.
1 
(mt8 )xT1-5f 
KlQ.
1 
(mt$)xT2-3a 
KJ.Q
1
(mt8)xT2-4c 
A7
2
(y9)xT1-6e 
Cross 
mt8 , • • • • •  
Tl-5f 
mt8 • • • • •  , 
T2-3a 
mt8 , • • • • •  
T2-4c 
y9 
Tl-6e 
TABLE 13 continued , 
Information (Holm, 1966b) 
p-value and Chromosome Number Conclusion 
Standard errors 
(see above) 
(see above) 
(see above) 
no information 
the location of KlQ.1 verifies that KlQ.1 is on chromosome 2 not in the long a-rm 
is verified of chromosome 1 
1 & 5 
(see above) 
2 & 3 
(see above) 
2 & 4 
1 & 6 
indicates that KJ.Q.1 
is not in the short 
arm of chromosome 2. 
Partial verification 
of location of KJ.Q.
1 
in the long arm 
of chromosome 2 
· (Holm, 1966b) 
(same as. above) 
Xt=l5 , 727, df=5 0 , 001< 
P<0 , l  verification of 
loca�ion of A72 in the 
long arm of chromosome 
1 (Holm, 1966b). The 
high XT in A72xTl-6e 
probably means that. .y.9_ 
is close to the 
break-point of Tl-6e 
in chromosome 1 \.1' '° 
Cross Cros s 
A72 (y9):xT1
-5f y9 
Tl-5f 
TABLE 13 continued . 
Information (Holm , 1996b) 
p-value and Chromosome Number 
Standard errors 
no information 
1 & 5 
Conclusion 
XT=9 , 762 , d , f=5 0 , 05 <  
P<0 , l should have 
given the same result 
as A?
2
xTl-6e 
0\ 
0 
lo. l 
-xlO 
�lgl9 
-f9 
,no
l-10
6 
'lgl4 
-tlJ 
. -sp 
✓
x9 
-x14 
-, - ax -
�lgl3 
lgl? 
�19 
-•15 
.-al) 
-t12 
-fll 
Figure 4 .  
.1o. 2 
-•12 
-al4 
-al8 
-fl6 
_..,.T2-4st3 
-�1g16 
-mt8 
-lg21 
-via2 
-alO 
-lgll 
No. ) 
,,xlJ 
E -xl6 
'x 
lo. 4 
-T2-4st3 
lo. S 
-78 
_...,lg20 
•'mtJ 
·
1
6 
-•t6 
-al9 
-mt5 
�tlS 
-,.,,, 
1
7 
-•17 
-tl? 
-lglO 
Clu-mosome Mae tor 46 Located ChlorophYU Charactep.!a �  (CP!Wililuc .!fihs The up is based on Table 10 i n  the paper by Holm 1966b  positions ot the 
loci Nlative to marker genes and reciprocal translocationa are not final. Circle 
represent centromeres. 
°' 
r-' 
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DISCUSSION 
No uniform system covering all chlorophyll mutation types has 
been established so far, and such a system seems impossible to create 
because of the occurrence of transitional types . The morphological 
classification of different types of chlorophyll mutations is 
usually based on the practical system introduced by Gustafsson (1940 ) . 
However, difficulties still exist in the practical work because some 
mutation types show changes in color in different temperatures . For 
example, M5 is whiter here in South Dakota than in Sweden at the 
0 
temperature of 70 F .  Mutation KJ.Q1 is light green in color all over 
the leaf at 85
°
F, but shows bands of lighter color at 70
°
F .  In some 
of the crosses presented here the mutations are not easy to distinguish 
because of the small differences in color . For example, separation of 
mutations 19 and J!, and J_ and 19 was difficult . 
Attempts have been made to base a classification system on 
qualitative and quantitative measurements of the plastid pigments 
( see Demerec, 1935 ) . The analysis separated chlorophyll mutation . 
types on a more exact basis than mere appearance. This method has 
been particularly used in the case of the· p�le green types . It con­
sists of extracting the pigments with petrol-ether, and colorimet­
rically comparing the extracts of normal and pale green seedlings. 
The technique used in these measurements is crude compared to 
spectrophotometrical �ethods and the results only approximate the 
actual condition . It is also too time-consuming for practical 
purposes . 
63 
The steps in analyzing linkage data from different sources in 
IBM 1620 included (1) testing possible· independent segregation 
between the characters being studied, (2) determining the homogeneity 
of various sources of data, (3 ) calculating the recombination value 
and -its standard error. The calculation concerning these three 
steps are grouped in computer programs. Linkage analysis by means 
of an automatic computer is much faster and much more reliable than 
manual calculation. As an average, the manual calculation of one 
cross-over value, standard error, and auxiliary x_
2
• s  takes one day, 
whereas the IBM 1620 performs the same operation in 2 minutes. 
The total amount of information concerning linkage which is 
available in a body of genetic data depends upon the size of the 
sample and also upon an intrinsic portion. This portion depends in 
its turn on the value of the estimate, which is referred to as the 
amount of information contributed by each individual at a specific 
cross-over value. The number of individuals present in an investig­
ation is important for whether an efficient calculation will be 
obtained or not. 
A yery high cross-over value was found in �he cros_s zx12_. .The 
reason for this high value could be a yet unexplainable interference 
between two cistrons. 
One possible explanation to non-random distribution of chloro­
phyll loci over the barley chromoso�es, _which was given by Holm 
( 1966b), would be favorably located translocation break�points and -
marker genes. In barley, chromosome 1 and 2 are more equipped with 
break-points and/or marker genes compared with the other chromosomes. 
However, due to the extensive cross within his present material 
between chlorophyll characters and translocations the former may be 
considered as secondary markers . Therefore the risk of non-random 
break-point and marker distribution is not very great in the present 
material , 
64 
Burnham and Hagberg ( 1956) analyzed the fitness of various marker 
genes for mapping purposes. Such an analysis is very valuable and 
should_ be made for every new gene that is brought into the barley 
linkage maps . 
Barley has been widely used , as a model plant in mutation research. 
The more mutations that can be found, the more can be learned about 
genes and their action . This information is of great importance for 
theoretical mutation research, and al·so for utilization of barley 
crop from a scientific as well as from a practical point of view • 
. . 
SUMMARY 
Various types of chlorophyll mutations in barley were induced 
by - Gustafss?n (1940) in Sweden. For the purpose of linkage study, 
Holm (1966b ) collected 1.50 mutations· from these materials to make 
spike-crosses for investigation of the possible number of loci 
involved in chlorophyll deficiencies . The linkage relationships 
of 46 mutant genes were analyz�d by means of maximum-likelihood 
equations , solved in an �utomatic computer. Forty-one loci were 
. possible to locate on the seven chromosomes. 
Out of the 41 loci , 14 were selected for further investigation 
by the present author. These 14 loci were involved in 27 crosses. 
In spite of the interference of external factors , the_ results of 
this i_nvestigation correspond to and verify the conclusions made 
by Holm (1966b ) .  
6.5 
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